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Abstract- To satisfy the demands of the continuous zoom stereo microscope, a parfocality measurement 
method is proposed. First, the mechanical parameters of the focusing system are estimated by testing 
the highest and the lowest displacements of the lens group and the rotation angle of the knob 
simultaneously. Second, by analyzing images captured under different zoom rates, the relatively 
sharpest displacement under a specified zoom rate is obtained according to the values of the four 
definition functions, including the variance function, the gradient square function, the discrete Fourier 
transform function and the Walsh-Hadamard transform function. Then, an in-focus model is presented 
and implemented to determine whether or not the relatively sharpest displacement under a specified 
zoom rate is an in-focus displacement, and to obtain the discrete in-focus displacements under multi-
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rates. Finally, by using discrete in-focus displacements, a continuous zoom in-focus curve is fitted. 
Results from the experiments show that the proposed method can accurately and effectively measure 
the parfocality of a continuous zoom stereo microscope. 
 
Index terms: Continuous zoom, stereo microscope, parfocality, definition function, in-focus model. 
 
 
I. INTRODUCTION 
 
Stereo microscopes, which can observe and record a stereo image, are playing more and more 
important roles in industry[1]. Some specific applications, such as stereo measurement, auto-
operation, three dimensional (3D) reconstruction can also be realized [2-3]. Distance estimation 
is an essential problem in many fields[4-5], especially in the field of stereo micromanipulation. 
This can enable a robot that is controlled according to high resolution stereo microscope image 
processing to move accurately [6-8]. Moreover, continuous zoom stereo microscopes are used in 
a broader range of fields in order to provide sharp images under different zoom rates [9]. 
Parfocality is a characteristic of a continuous zoom stereo microscope that, if the image obtained 
with a microscope is adjusted to be sharp under a high zoom rate, the image shall remain sharp 
while the zoom rate is adjusted from high to low. However, the parfocality of a stereo microscope 
will decrease if some lenses, which belong to the lens group of a microscope, move away from 
their initial location as a result of vibrations or other reasons. This often happens when the lens 
group is transported from a manufacturing plant to an assembly factory. Thus, it is necessary to 
accurately measure the parfocality of a continuous zoom stereo microscope before assembly. In 
order to take an accurate measurement, first, find the sharpest image under a special zoom rate by 
using a focusing system. Then, determine whether or not the sharpest image is an in-focus image, 
however, due to the limitation of the adjusting range of the focusing system, the sharpest image 
obtained under a special zoom rate may fail to be sharp when the microscope is out-of-focus.  
The definition function is an effective tool to find the relatively sharpest image under a special 
zoom rate. Generally, the definition of an image can be evaluated in the spatial domain or the 
frequency domain. There are several spatial-domain-based functions, such as the image entropy 
function, the high order statistic function, the variance function, and so on. Among them, the 
variance function is proven to be the most effective [10]. Besides the above mentioned functions, 
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other functions that are based on edge detection, such as the absolution gradient function, the 
gradient square function, the Laplacian model function [11], etc., also belong to spatial-domain-
based methods with the gradient model being the most effective. Frequency domain functions 
usually include the discrete Fourier transform (DFT), the discrete cosine transforming (DCT), the 
discrete wavelet transforming (DWT), the Walsh-Hadamard transforming (WHT)[12-13], and so 
on. In addition, the definition functions can be applied in many fields. One important application 
is autofocus, where the improved DCT function or other functions are adopted to carry out robust 
or quick auto focusing [14-16]. Out-of-focus image retrieval is another field where a phase exit 
model is established to retrieve an out-of-focus image [17]. 
By analyzing the definition of images captured under different zoom rates, a multi-rate in-focus 
model is presented in this paper. Then, based on the model, a new method to measure the 
parfocality of a continuous zoom stereo microscope is proposed. First, the relatively sharpest 
image under special zoom rate is found by using the definition function. When the lens group 
locates at the point where the relatively sharpest image is obtained, the displacement between the 
lens group and the object stage is defined as the relatively sharpest displacement. Since a rotating 
knob drives the lens group, the rotating angle of the knob can be used to represent the 
displacement of the lens group. The corresponding mechanical parameter, which indicates how 
far the lens group should be moved when knob is rotated with 1 , is computed. Second, the 
relatively sharpest displacements under each zoom rate are computed. Third, the relatively  
sharpest displacement can be classified as an in-focus displacement according to the multi-rate 
in-focus model. Here, the in-focus displacement is the distance from the object stage to the lens 
group. At the same time, the sharpest image, namely the in-focus image, can be acquired when 
the lens group locates the in-focus displacement. Finally, the continuous zoom in-focus curve is 
fitted by the least-squares method based on the discrete in-focus displacement and the mechanical 
parameter. 
 
II. FIELD DEPTH ESTIMATION OF A MICROSCOPE 
 
Due to the existence of field depth, an in-focus displacement is not unique. When a microscope is 
focusing on an object plane, the planes in front of the object plane and behind the object plane 
Yigang Wang, Gangyi Jiang, Mei Yu, Feng Shao and Wang Yuan, A PARFOCALITY MEASUREMENT METHOD OF A 
CONTINUOUS ZOOM STEREO MICROSCOPE 
1422 
 
can also be sharply placed in focus, and the distance between these two planes is defined as the 
field depth. 
 
Figure 1. Illustration of field depth 
Figure 1. shows the image side of a lens, while the opposite is called the object side. In the figure,  
BA ′′  denotes the object-image plane. The original object of BA ′′  is at the object plane. If there is 
an object in front of the object plane, the converging rays from this object are projected on the 
object-image plane after reaching a sharp focus on 11BA ′′ , which is on the plane that is in front of 
the object-image plane [18]. The image on the object-image plane is a small disk called the circle 
of confusion. Therefore, the projection of point 1A′  in the plane BA ′′  is the circle of confusion. 
Z ′  denotes the diameter of the circle. The distance between planes BA ′′  and 11BA ′′  is denoted as 
xd ′ . Since BA ′′  is an object-image plane, it takes no difference whether the location is at the exit 
pupil or the focal plane. Given that a′2  denotes the diameter of the exit pupil, then the diameter 
Z ′  satisfies 
xdx
xd
a
Z
′+′−
′
=
′
′
2
                                                            (1) 
Let ε denote the limiting angle of resolution for the eye. If the opening angle, which is from the 
center of the exit pupil F ′  to boundary of the circle of confusion, is not more than ε, it is easy to 
see that the image of the circle of confusion in the brain is only one point, not a circle. Let xd ′2  
denote the depth from the front image plane of the object-image plane to the back image plane, 
moreover, let the object between the two corresponding planes be sharply imaged. According to 
the optical path equation, the distance between the two planes on the object side, denoted as dx2 , 
can be computed as follows 
MA
ndx ε2502 =                                                                           (2) 
where n is the whole refractive index of the lens group, A is the numerical aperture of the 
microscope, and M is the zoom rate. Generally, n is set as 1, and ε is set to be 0.00029. The 
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limiting angle of resolution for eye is equal to 1′. At the same time, the numerical aperture and 
the corresponding field depth under the different zoom rate used in this paper are shown in table 
1. The field depth under the minimal zoom rate is about 30 times larger than that under the 
maximal zoom rate, and the latter is only approximately 126 μm. In order to obtain the sharpest 
image, a high-precision adjustment precision is needed. 
Table 1. Numerical aperture and estimated field depth 
Rate Numerical Aperture Field depth (mm) 
0.8 0.025 3.625000 
1 0.030 2.416667 
2 0.052 0.697115 
4 0.080 0.226563 
5 0.090 0.161111 
6.5 0.096 0.125868 
 
III. THE PROPOSED PARFOCALITY MEASUREMENT METHOD  
 
In order to measure parfocality of a stereo microscope, first, the mechanical parameter should be 
obtained to establish a relationship between the captured image and the displacement of the lens 
group. Then, following in order from high zoom rates to low zoom rates, several images are taken 
under each rate and each lens group displacement. By computing the value of the definition 
function for of images, the relatively sharpest image is obtained under different zoom rates. Third, 
it is determined whether or not the relatively sharpest image is in-focus. Finally, the continuous 
zoom in-focus displacement curve is fitted with the least-squares method based on discrete in-
focus displacements. The system diagram of the proposed method is shown in figure 2. 
Computing 
Mechanical 
Parameters
Detecting 
Relative Clearest 
Displacement 
Under Multi-Rate
Calculating 
In-Focus 
Under Multi-
Rate
Fitting In-Focus 
Displacement Curve 
From Multi-Rate to 
Continual Rate
 
Figure 2. Block diagram of the proposed parfocality measurement method for a continuous zoom 
stereo microscope 
a. Computing the proportion of the rotating angle of knob to the lens group displacement 
The lens group of the stereo microscope can be adjusted by the rotating knob. As shown in figure 
3, the lens group height, d , is defined as the distance between the bottom of the lens group and 
the top of object stage. When the lens group locates the lowest displacement, its height is denoted 
by mind . Similarly, when the lens group locates the highest displacement, maxd  denotes the height 
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of the lens group. While completing the distance from the highest to the lowest, it is assumed that 
the knob is rotated n laps. When the knob is rotated with 1 , the movement of the lens group, Δd , 
is defined by  
360
minmax
×
−
=∆
n
ddd                                                                 (3) 
When the lens group locates the initial displacement, its height is denoted by 0d , while the angle 
of the knob is 0 . According to eq. (3), the relationship between the lens group height, d , and 
the angle of knob, θ , can be established as follows  
ddd ∆×+= θ0                                                                (4) 
In Eq. (4), if the knob is rotated clockwise, 0<θ ; otherwise, 0≥θ . 
 
dmin
dmax
object stage
lowest
displacement
highest
displacement   knob
 
0
180
90270
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135225
315
 
(a) Lens group displacement (b) Knob 
Figure 3. Mechanical structure of the object lens 
 
b. Obtaining the relatively sharpest displacement with different zoom rates 
In order to compute the relatively sharpest displacement, T frames are captured under the 
condition that the zoom rate is M, and the knob is rotated with angle θ  from initial 0 . Let kMI θ  
represent the k-th frame of T frames, k = 1, 2, …, T. Assume that )(⋅CF  is a definition function, 
and )( kMC IF θ  is the definition value of the k-th frame. As described above, under a specified 
zoom rate, the sharpest displacement is where )( kMC IF θ  achieves the highest dispacement. Let 
Mθ  denote the sharpest displacement, then, )]([maxarg kMCM IF θθθ = . 
To ensure accuracy, four definition functions are adopted and computed together. If more than 
three functions indicate that the candidate image is the sharpest, the image will finally be 
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regarded as the sharpest. The four definition functions used are the image variance function Q(•), 
the sum of gradient square function G(•), the DFT function DFT(•), and the WHT function 
WHT(•). They are given by eqs. (5), (7), (8) and (10), respectively. 
∑∑
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where ),( yxI kMθ  is the average of kMI θ , given by eq. (6) 
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In eq. (7), ),1(),( yxIyxIG kMkMx +−= θθ , )1,(),( +−= yxIyxIG kMkMy θθ .  
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In eq. (8),  ),( vuF kMθ  is computed by 
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where 1,,1,0 −= Nu  , 1,,1,0 −= Nv  . 
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In eq. (10),  ),( vuW kMθ  is defined as follows: 
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where ),( tnWN  is a core function of WHT, and given by   
∏
−
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1
0
)1(),(
p
r
nn
N
trtnW                                                  (12) 
in which Np 2log= , and kn  is the k-th bit of n in binary. 
c. In-Focus determination model 
In order to determine whether or not an image at the relatively sharpest displacement Mθ  is in-
focus, first, a sharp image of the calibration board under the zoom rate M is taken as an original 
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image for reference.. Let )( MS IF  denote the definition value of the original image for reference, 
and )( MMC IF θ  represent the definition value of the relatively sharpest image at Mθ . If the two 
values are close in proximity, the relatively sharpest image is considered as the in-focus image, 
and the corresponding displacement is the in-focus displacement. Let FS denote the in-focus state, 
then the in-focus judgment model is described as follows 







≥
−
<
−
=
α
α
θ
θ
)(
)()(
,0
)(
)()(
,1
MS
MCMS
MS
MCMS
IF
IFIF
if
IF
IFIF
if
FS
M
M
                                            (13) 
where the factor α, obtained from the experiment, denotes the closed coefficient, which is 
effected by the zoom rate M. If FS is equal to 1, it means that the current location is in-focus; 
otherwise, if FS is equal to 0, it means it is out of focus. 
d. Fitting the in-focus curve 
After completing the above steps, a group of in-focus points, { NiM iM
i ,2,1),,( =θ }, will be 
acquired. Here, N is the number of different zoom rates under which the in-focus state FS is equal 
to 1. According to the relationship between the knob angle θ  and the lens group height d  given 
in eq. (4), the other group of points NidM iM
i ,2,1),,( = , can be calculated. Finally, an in-focus 
curve should be fitted according to these results. The curve equation is given as 
))(,,,;( 10 NjaaaMSd j <=  , here, al ( l = 0, 1, …, j) are the coefficients to be determined, 
which can be solved according to the computed results NidM iM
i ,2,1),,( = .  
To minimize the sum of squared errors, the least-squares method is used to obtain the 
undetermined coefficients {al ; l = 0, 1, …, j}. The error between the known pair and the fitted 
curve is denoted as δi (i =1, 2,…,N), in which iM
i
i dMS −= )(δ . ∑
=
N
i
i
1
2δ  should to be minimized. 
The target polynomial can be given by 
j
jj MaMaMaaaaaMS ++++= 
2
21010 ),,,;(             (14) 
Then, the sum of squared errors is given by 
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In order to get the minimum value of the target function given by eq. (15), the partial derivative 
of every undetermined coefficient should be equal to 0. which is shown in eq. (16) below.  
0))())()(((2
1
2
210 =−++++=∂
∂ ∑
=
N
i
lii
M
ji
j
ii
l
MdMaMaMaa
a
T
             (16) 
where l = 0, 1, …, j. In eq. (16),  iM  and iMd  are known, al are variables in the simultaneous 
equations. According to eq. (16), the undetermined coefficients, al, can be determined. Finally, 
the fitted curve can be obtained through eq. (17). 
                        (17) 
Where the independent variable M is the zoom rate, and d is the in-focus displacement. 
 
IV. EXPERIMENTAL RESULTS AND DISCUSSIONS 
 
a. Determining the mechanical parameter of stereo microscope 
To evaluate the performances of the proposed method, the NSZ-800 stereo microscope made by 
NOVEL OPTICS as shown in figure 4(a) is used in the experiments. In figure 4(a), A is the knob 
for adjusting the focus, and B is for adjusting the zoom rate. Normally, the zoom rate of a stereo 
microscope is small, a calibration board with a block size of 0.1mm is adopted, and the resolution 
of the captured image is 1600×1200. Figure 4(b) is an image taken at the zoom rate of 6.5, and 
the region at the center of the image with the size of 1024×1024 is used to compute the image 
definition. 
 
  
(a) Stereo Microscope (b) Calibration Board 
Figure 4. Stereo microscope and calibration board image 
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Table 2 shows the measurement results of the mechanical parameters described in section 3(a). 
dmin and dmax are measured three times, and the average of the results is used as the final data.  
d∆  is calculated according to eq. (3). 
b. Evaluation of the image definition with different zoom rates 
Figure 5(a)-(f) are the definition values with respect to the zoom rates of 6.5, 5, 4, 2, 1 and 0.8, 
respectively. The four definition functions used are the variance function, the gradient square 
function, the DFT function, and the WHT function, where the x-axis is a rotation angle relative to 
the base location, and the negative direction is clockwise (CW) while the positive direction is 
counterclockwise (CCW). 
 
Table 2. Lens group displacement measurement result. No. is the measure times, 
Measured is the measuring results in mm, Average is the average of the values for 
Measured ( in mm), TD is the total knob degree from highest to lowest in degrees, 
Δd is the displacement per degree with unit mm/degree. 
 No. Measured Average TD Δd 
mind  
1 34.2 
34.2 
1690 0.06083 
2 34.0 
3 34.4 
maxd  
1 137.0 
137.0 2 137.2 
3 136.8 
 
In figure 5, there appears to be some phenomena concerning definition functions. First, the curve 
is more precipitous under a high zoom rate than under low zoom rates. As the field depth of the 
lens group under the high zoom rate is smaller, the same rotation angle under the high zoom rate 
will affect the image definition, which is more apparent than under the low zoom rate. Thus, the 
high-precision knob should be used under a high zoom rate. Second, due to the large field depth 
of the lens group under a small zoom rate, the small rotating angle only affects the image 
definition a little; thus, a more sensitive definition function should be designed in order to 
determine the sharpest location quickly. Third, the performance of the gradient square function in 
eq. (7) is better than that of other definition functions under all the zoom rates. This means that to 
represent the image definition of the calibration board, the gradient characteristic is more obvious 
than the other characteristics, such as variance, DFT coefficients and WHT coefficients. Fourth, 
in figure 5(b), that variance function clearly shows a different result in comparison to the other 
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three definition functions under the zoom rate 5. Similarly, the DFT function and the WHT 
function cannot effectively distinguish the definition of images with respect to the focal angles of 
-1 and 0 under the zoom rate 2. In summary, the gradient square function is more precipitous and 
robust than the other definition functions in processing the calibration board image obtained from 
the stereo microscope.  
c. In-focus determination 
Under the specified zoom rate, first, the knob is manually adjusted to create the sharpest image,  
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(a) Definition functions with zoom rate of 6.5 (b) Definition functions with zoom rate of 5 
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(c) Definition functions with the zoom rate of 4 (d) Definition functions with the zoom rate of 2 
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(e) Definition functions with the zoom rate of 1 (f) Definition functions with the zoom rate of 0.8 
Figure 5.   Definition function with different zoom rates 
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and then 10 photos are taken. Second, the definition function values are calculated. The 
maximum is denoted by Cmax while the minimum is denoted by Cmin. The equation (Cmax - 
Cmin)/Cmax is used to represent the definition parameter for changing the sharpness of an image in 
order to make it in focus. Repeating the above steps, a group of definition parameters can be 
acquired as shown in table 3. Under a different zoom rate, the values of definition drastically 
change. From the table, the variance function appears the most stable one in the four definition 
functions except under zoom rate 2, where the DFT function value is the smallest. 
Table 3. In-focus definition function value changes under different zoom rates. 
M is the zoom rate, Q(.) is the variance function, G(.) is the gradient square 
function, DFT(.) is the DFT function and WHT(.) is the WHT function. 
M Q(.) G(.) DFT(.) WHT(.) 
6.5 0.35% 0.85% 0.48% 0.83% 
5 0.61% 1.4% 1.1% 0.99% 
4 0.086% 0.44% 0.62% 0.63% 
2 1.5% 0.98% 0.43% 1.3% 
1 0.058% 0.10% 0.30% 0.27% 
0.8 0.15% 0.31% 0.20% 0.23% 
 
As described in section 3(c), the factor α is an important parameter that relates to the zoom rate M 
in the in-focus determination model. Currently, there is not a logical expression to represent α by 
M. In this paper, factor α is obtained through experiments. When adopting the variance function 
as the definition function, the suggested value of factor α is shown in table 4. 
Table 4. Suggesting α with the variance function 
 6.5 5 4 2 1 0.8 
α 0.30% 0.56% 0.06% 1.4% 0.038% 0.10% 
 
d. Fitting the continuous zoom parfocality curve 
Using the results in subsections 4(b) and 4(c), the in-focus location under a specified zoom rate 
can be obtained. Without loss of generality, it is assumed that the in-focus location under the rate 
6.5 is the initial location, and the corresponding angle of the knob is 0  (as defined in section 3.a 
where 00 =d ). All in-focus locations are shown in table 5.  
During the processing of fitting the curve, third-order, fifth-order and eighth-order polynomials 
are tried. The results are shown in figure 6. The results from the experiment show that the third-
order polynomial is not accurate enough to pass every discrete point from table 5. The amplitude 
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of swing of the eighth-order polynomial is too large to represent the actual in-focus curve. By 
contrast, the fifth-order polynomial seems to be optimal. 
 
Table 5. All in-focus locations. IFD is in-focus displacement. Unit of angle is 
degree, and unit of IFD is mm. IFD is calculated according to Eq. (4) 
Rate 6.5 5 4 2 1 0.8 
Angle 0 1 1 14 55 87 
IFD 0 -0.06083 -0.06083 -0.85162 -3.34565 -5.29221 
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Figure 6. Continuous zoom rate parfocality curve 
 
V. CONCLUSSION  
 
Based on experiments using the in-focus determination model and the definition function, the 
proposed parfocality measurement method has been proven to be effective and accurate. To fit 
the features of the calibration board image obtained from the stereo microscope, the four 
functions, namely, the variance function, the gradient square function, the discrete Fourier 
transform function and the Walsh-Hadamard transform function, are chosen as definition 
functions to be used. An image is regarded as the relatively sharpest if there are at least three 
definition functions finding the candidate as the sharpest. Under the specified zoom rate, the in-
focus judgment model, with different factor α from 0.038% to 1.4%, is proposed, and the 
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parfocality is computed using the proposed model. Finally, according to the computed in-focus 
image and its corresponding displacement, discrete pairs are obtained to fit the continuous zoom 
rate parfocality curve. The results from the experiment show that the continuous zoom rate 
parfocality curve can be measured using the proposed method accurately and effectively. 
Based on proposed method and a large number of experiments, the statistical continuous zoom 
rate parfocality curve can be obtained, which will further improve the quality of the stereo 
microscope. In the event new data becomes available, a new measurement modal and method 
will be proposed to increase speed and accuracy of measurements. 
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